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We used the inverted resistance method to extend the bulk resistivity of SmB6 to a regime where
the surface conduction overwhelms the bulk. Remarkably, the bulk resistivity shows an intrinsic
thermally activated behavior that changes ten orders of magnitude, suggesting that it is an ideal
insulator that is immune to disorder. Non-stoichiometrically-grown SmB6 samples also show an
almost identical thermally activated behavior. At low temperatures, however, these samples show a
mysterious high bulk resistivity plateau, which may arise from extended defect conduction in a 3D
TI.
PACS numbers: 72.10.Bg, 71.10.Fk
Semiconductors, or narrow band-gapped insulators,
have been one of the most important classes of materials
both for technological advances in electronics and for fun-
damental scientific studies in the past several decades. In
technology, the realization of the modern electrical and
optoelectrical devices that we use today are possible be-
cause of the successful control of point defects (donors
and acceptors) in semiconductors. In fundamental sci-
ence studies, semiconductors have provided a fascinat-
ing playground for the discovery of new states of matter.
One example is 3D topological insulators (TIs)1,2, dis-
covered about a decade ago3–5, in which a unique two-
dimensional electron gas emerges on the surface due to
bulk band inversion. Many of the 3D TIs, however, can
easily be found in the degenerate semiconductor regime
or even in the hopping conduction regime where they ex-
hibit large bulk conduction due to the presence of unin-
tentional impurities and disorder6. Obtaining a higher
quality bulk in such 3D TIs is an on-going technical
challenge6.
Recently, there has been further excitement about the
prediction of 3D TIs in strongly correlated insulators7,8.
The best candidate is SmB6, a traditionally well-known
mixed-valent insulator or Kondo insulator that has
a narrow bulk band gap9. In the bulk of SmB6, an
almost flat 4f band and a dispersive 5d band hybridize
at cryogenic temperatures forming a very small band
gap at the Fermi level. Theory suggests that this
hybridization plays the role of band-inversion, resulting
in a 3D TI7,8. Electrical transport experiments un-
ambiguously revealed the existence of the conducting
surface at low temperatures (below 3-4 K), consistent
with the 3D TI prediction10,11. Below 3-4 K, the
insulating bulk becomes too resistive for the current
to flow in, and the current flows on the conducting
surface instead, revealing itself as a resistance plateau.
Despite some of the earlier angle-resolved photoemission
spectroscopy (ARPES) results suggesting that the
conducting surface is from a trivial origin12, most
recent experimental works including electrical10,11,13–17
and thermal transport18, de Haas-van Alphen quan-
tum oscillations by angle-dependent magneto-torque
magnetometry19, ARPES20–24, scanning tunneling
microscopy25–27, point contact spectroscopy28, planar
tunneling spectroscopy29,30, and neutron scattering31
have provided strong evidence of the existence of
conducting surface states that is consistent with the
unique properties of a 3D TI. There are even reports
of the helical spin-structure, which is one of the most
unique properties of a topologically protected surface,
by spin-resolved ARPES measurements32 and a recent
report of a spin-signal on the surface by the inverse
Edelstein effect33.
The quantum oscillations by magneto-torque measure-
ments have provided the research community with some
of the most exciting yet confusing results in this material
system. G. Li et al.19 report on quantum oscillations in-
dicating the presence of 2D Fermi pockets on the (100)
and (110) surfaces. Furthermore, the extrapolation of the
Landau indices from the oscillations to the infinite mag-
netic field limit reveals a Berry phase contribution that
is consistent with the Dirac-like dispersion that emerges
in a 3D TI. In contrast, B. S. Tan et al.34 later report on
quantum oscillations with a non-2D angle dependence,
deviation of the standard Lifshitz-Kosevich temperature
dependence, a Berry phase that is non-Dirac-like, and
oscillation amplitudes that do not depend on the surface
facets. They conclude that their oscillations originate
from an unconventional Fermi surface in the insulating
bulk. The possibility of having a material with a bulk
Fermi surface in the absence of a conducting Fermi liquid
resulted in further excitement about SmB6. To explain
the unconventional Fermi surface of the bulk, new theo-
ries have been developed involving exotic excitations that
couple to the magnetic field but not the electric field35,36.
Vibrant research in the past several years has been
motivated by both the need of verifying the 3D TI prop-
erties and the search for new exotic bulk phenomena of
SmB6. One aspect, however, that remains yet elusive is
the role of disorder. For example, some of the early stud-
ies of SmB6 report that samples with vacancies result in
a lower resistance plateau37 that is inconsistent with the
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23D TI picture. This is inconsistent because higher va-
cancy levels are expected to introduce higher disorder on
the surface, and therefore they should have higher sur-
face resistivity. Also to the best of our knowledge, many
recent experimental conclusions and theoretical predic-
tions, including the interpretations of the quantum os-
cillation reports, assume that the SmB6 crystal is close
to ideal. We believe it is critically important to consider
the role of disorder in the bulk in more depth before the
community moves on to discuss new exciting intrinsic
properties of the SmB6 crystals.
In this letter, we use transport measurements
on SmB6, including stoichiometrically- and non-
stoichiometrically-grown samples, to study the role of
disorder in the bulk. We first note that the charac-
terization of bulk transport in the presence of signifi-
cant surface conduction is challenging. We have previ-
ously argued that the common practice of presenting the
residual-resistance ratio from conventional four-contact
resistance measurements is limited when interpreting a
material system that has both surface and bulk conduct-
ing states38. In this study, we use the inverted resis-
tance measurement technique, which was proposed by
the authors recently38. Inverted resistance measurements
performed on multi-ring Corbino structures allows us to
properly characterize the bulk conduction even in the
presence of strong surface conduction. We demonstrate
the substantial difference when we choose a typical four-
contact measurement compared to a proper Corbino disk
measurement in Supplementary A.
Sample r Ea (meV) ρs (kΩ) Hardness(kp)
S1 0 4.01 3.1 2191 ± 125
S2 0.1 4.12 1.6 1913 ± 16.5
S3 0.25 3.97 1.5 1781 ± 111
S4 0.40 3.85 2.8 1563 ± 50.8
TABLE I: Summary of characterization of the crystals. Sam-
ples were grown with a starting composition of ratio, r, where
Sm:B:Al = 1-r: 6: 700. Detailed information of crystal char-
acterization, including X-ray, Auger, and hardness measure-
ments can be found in Supplementary B.
Single crystalline samples were grown by the Al-flux
technique. The mixture of Samarium pieces (Ames Lab,
99.99 %), Boron powder (99.99 %) and Aluminum shots
(99.999 %) was placed in an alumina crucible and loaded
in a vertical tube furnace with ultra high-purity Ar flow.
We grew samples with different starting compositions of
Sm: B: Al = 1-r: 6: 700, where r is the starting compo-
sition ratio, ranging from 0 to 0.40. We expect sample
S1 in which r=0 to be stoichiometric, whereas the other
samples are expected to have a higher disorder level. X-
ray and Auger electron spectroscopy measurements did
not have the resolution to unambiguously determine the
point defect levels, but we do see differences that indicate
the overall physical properties are changing from hard-
ness measurements. A detailed description is presented
FIG. 1: (color) Schematic diagram and actual image of the
transport geometry used in this experiment. Schematic di-
agram of (a) top surface, (c) side surface, and (e) bottom
surface. Actual image of the (b) top surface, (d) side surface,
and (f) bottom surface. The dimensions are: r1 = 100 µm,
r2 = 800 µm, rin = 200 µm, rout = 300 µm, W = 75 µm, r3
= 165 µm, and r4 = 290 µm.
in Supplementary B.
To illustrate the inverted resistance method in short,
the transport geometry is shown in Fig. 1. The sam-
ples were fine polished with a final step of aluminum
oxide slurry that has a particle size of 0.3 µm. The
Corbino-disk patterns were fabricated using standard
photolithography, followed by ebeam evaporation of
Ti/Au (20A˚/1500A˚). We used a home-built instrumen-
tation amplifier in addition to an external lock-in ampli-
fier in the Dynacool PPMS for measurement. A four-
terminal Corbino disk can be measured by R1,4;2,3 (=
V2,3/I1,4), which can be regarded as a standard resis-
tance measurement (RStd). In the surface dominated
regime, below 3-4 K, the inverted resistance (RInv) can
be measured by either R1,4;5,6 or R1,2;3,4. If the change
in surface resistivity with temperature is not strong com-
pared to the bulk, the standard two-channel model is a
good approximation that works well for RStd in the full
temperature range:
RStd = C0(ρ
−1
s + γρ
−1
b )
−1, (1)
where the geometric prefactor C0 is ln(rout/rin)/2pi for a
Corbino disk, and γ is the effective thickness that asym-
potically approaches t when the sample is very thin, but
is independent of t when the sample is very thick38. The
inverted resistance below the bulk-to-surface crossover
3FIG. 2: (color) Resistance of the standard and inverted re-
sistance measurement. (a) Results for the stoichiometrically-
grown SmB6 (sample S1). (b) Results from sample S4.
temperature follows:
RInv = C1t
ρ2s
ρb
, (2)
where C1 is a prefactor for the inverted resistance. The
corresponding γ and C1 are found from finite element
analysis, similar to the derivation of bulk resistivity ex-
traction in Ref.38. The detailed method is presented in
Supplementary C.
Fig. 2 (a) shows the measured resistance (RStd (blue)
and RInv (red)) from sample S1. The qualitative be-
havior of Fig. 2 (a) is consistent with what we expect
when the bulk resistivity is governed intrinsically, ρb ∝
exp(Ea/kBT ), where Ea is the activation energy. In the
high-temperature regime, above ∼ 4 K, both RStd and
RInv increase when the temperature is lowered, consistent
with Eq. 1 in the bulk-dominated regime (ρb/ρst→∞).
Below ∼4 K, RStd develops a plateau which corresponds
to a sheet resistance of ρs = 3 kΩ according to Eq. 1 in
the surface-dominated regime (ρb/ρst→ 0). RInv, on the
other hand, drops as the temperature is lowered. This
is consistent with Eq. 2 when the bulk resistivity follows
ρb ∝ exp(Ea/kBT ). Below 1.99 K, the inverted resis-
FIG. 3: (color) Bulk resistivity conversion of the
stoichiometrically-grown (S1) and non-stoichiometrically-
grown (S2, S3, and S4) SmB6 samples.
tance becomes too small, and the measurement is limited
by the amplifier performance. Here, we only present the
data that is meaningful, above this performance limit.
Next, we consider the non-stoichiometrically-grown
SmB6 samples. We present the sample S4 results in
Fig. 2 (b). In the bulk-dominated regime, above ∼ 4 K,
the temperature response of the resistances of all samples
behaved qualitatively identically to sample S1 results. In
the surface-dominated regime, below ∼ 4 K, RStd shows
a plateau that corresponds to a ρs in the 1 - 3 kΩ range.
In contrast, RInv in the surface-dominated regime drops
at first, consistent with Eq. 2 when the bulk resistivity
is keeps rising. Below ∼2.5 K, however, the resistance
becomes much weakly dependent of temperature. The
magnitude of this resistance plateau becomes lower for
samples that are grown with less Sm.
The bulk resistivities converted from the resistance
measurements are shown in Fig. 3. Sample S1 (shown
in black) shows a thermally activated exponential be-
havior (Ea = 4.01 meV) with a change of ∼10 orders
of magnitude. The resistivity shows an intrinsic semi-
conductor behavior in the full temperature range, with-
out showing any signs of the extrinsic regime of a semi-
4conductor. Below 0.4 K−1 (or above ∼2.5 K), the non-
stoichiometrically-grown SmB6 samples (Samples S2, S3,
and S4) show almost identical activation energies, and
the resistivity rises at least 7 orders of magnitude.
It is well known from previous Hall measurements that
the bulk resistivity rise of SmB6 is due to the thermally
activated bulk carriers, and the mobility changes within
two orders of magnitude9,39–42. In our stoichiometrically-
grown sample (sample S1) result , the activation behav-
ior continues at low temperatures indicating a decrease
in carrier density of ∼10 orders of magnitude. We, there-
fore, estimate a carrier density of 1012 (1/cm3) at 1.99
K. This implies that there are only ∼ 107 carriers in
the bulk region of our sample at this temperature, and
there would be less than 1 bulk carrier below 1 K by ex-
trapolating the thermally activated behavior. The non-
stoichiometrically-grown samples (Samples S2, S3, and
S4) also indicate that no more than 1015 (1/cm3) bulk
carriers are left before the bulk resistivity saturates below
2.5 K. For the saturation of the non-stoichiometrically-
grown samples, the magnitudes are too high for them to
be attributed to the extrinsic regime of a non-degenerate
semiconductor when there are point defects. Note that
the associated number of carriers of these resisitivity
plateaus, of course, is too small to explain the exotic bulk
quantum oscillations seen by Tan et al34. Also, none
of the data resembles close to the temperature depen-
dence of the Mott-type variable range hopping conduc-
tion (ρ ∝ exp(1/T )1/4). Recent AC conductivity mea-
surements show large conduction that completely rul-
ing out the impurity conduction scenario in the bulk is
worrisome43,44. However, the conduction does not ap-
pear in the DC limit, consistent with our results. Our
data show strong evidence that the bulk gap of SmB6
does not involve point defect-like impurity states that
can contribute to DC transport, and therefore the bulk
is robust. It is important to note that this is in stark
contrast to other hexaboride systems such as CaB6
45–47,
SrB6
45,48, BaB6
45, YbB6
49,50, and EuB6
51,52, which all
show strong dependence of disorder in the temperature-
dependent resistivity measurements. This result is also
promising when comparing to the bulk of other 3D TIs,
where purifying bulk is an ongoing challenge6,53.
To the best of our knowledge, the robust intrinsic in-
sulating behavior and the high bulk resistivity plateau in
the non-stoichiometrically-grown samples cannot be ex-
plained by standard theory of disorder. We have previ-
ously reported that the picture of shallow impurity states,
or in-gap states, in SmB6 are not justified by the effec-
tive mass approximation framework because the effec-
tive Bohr radius, a∗B , is comparable or smaller than the
lattice constant54. The small resisitivity feature around
14 K can be explained by the alternative model with a
clean gap and band banding by the surface states54. We
find the most similar case, where the bulk gap appears
to be uninterrupted by point defects, is the BCS gap
in superconductors. It is well known that the BCS gap
withstands dirty conditions, as long as the impurity is
non-magnetic55.
Within the framework that the bulk gap is robust
against point defects, to understand the mysterious high
bulk resistivity plateaus in the non-stoichiometrically-
grown samples, it is most reasonable to think that the
conduction path has a confined or lower-dimensional cur-
rent channel instead of a homogeneous channel in the
bulk. One plausible theory is that extended defects, such
as grain boundaries and threading dislocations, conduct
because SmB6 can harbor topologically protected edge
conduction. Particularly, the possibility of 1D disloca-
tion conduction in a 3D TI is a further excitement, as
it is a unique 1D edge conduction channel that is not
localized by disorder56. These need not be uniformly
distributed, but instead exist sporadically with length
scales that extend throughout the bulk of the sample.
The cause of these high-order defects may be related to
the inhomogeneity in the bulk. Our hardness and X-
ray measurements, which are presented in the Supple-
mentary B, show that all sample indeed have different
physical properties, and signatures of disorder present
in the crystal. In particular, in the single crystal X-ray
diffraction measurement, we observe signatures of twin-
ning in some of our samples. Lastly, it is worth to note
that recent SmB6 studies focus on the role of impuri-
ties. Heat capacity on vacancy and impurity doped SmB6
show a virtual metallic-like behavior at low temperatures
from the bulk57,58, and recent thermal transport mea-
surements show field-dependent thermal conductivity en-
hancement depending on the sample quality59. We do
not yet find a clear connection between these results and
our bulk transport plateaus at low temperatures. For
future studies, this mysterious bulk conduction channel
must be studied in more depth, which include ongoing
studies of other variously doped SmB6 samples.
In conclusion, the bulk transport of stoichiometrically-
and non-stoichiometrically-grown SmB6 samples were
studied through the inverted resistance measurement.
Using the double-sided Corbino disk geometry, the
stoichiometrically-grown SmB6 sample shows a robust
thermally activated bulk resistivity rise. In the non-
stoichiometrically-grown SmB6 samples, grown with sub-
stantially less samarium, these samples show an almost
identical thermally activated behavior until an unex-
pected resistivity plateau develops. Our results suggest
that the bulk of SmB6 is immune to disorder originating
from point defects, but may be influenced by extended
defects. We believe the robust insulating bulk in SmB6 is
important for TI applications. For example, in spintron-
ics applications, there would be no parallel channel from
the bulk. For topological quantum computers, because
the lifetime of the Majorana modes will not be limited
by the bulk channel, we expect the Majorana modes to
be well defined.
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A. Importance of Sample Preparation
In Supplementary A, we show that choosing the proper
transport geometry and preparing the sample surface is
critically important for bulk studies of SmB6 at low tem-
peratures because current that flows on every surface
nonuniformly can complicate the analysis. We have pre-
sented further details about geometry and surface prepa-
ration elsewhere1. In addition, we have recently noticed
that cracks hidden underneath the surface may provide
additional conduction paths2. Fig. 1 shows the two resis-
tance curves as a function of inverse temperature. The
solid red curve is measured from a standard 4-point con-
tact, as shown in Fig (1) (b), without any surface prepa-
ration. The solid blue curve is measured from a Corbino
disk after carefully polishing the surface, as shown in
Fig (1) (c). The two samples are from the same crystal
growth batch of sample S2. Consistent with our previ-
ous reports1,2, depending on the transport geometry and
surface preparation, the resistance plateau at low tem-
peratures changes greatly. The Corbino disk geometry,
shown in a solid blue line, reaches up to about 100 Ω,
whereas the 4-point geometry, shown in a solid red curve,
reaches up to about 1 Ω. The samples that are prepared
properly obtain a larger resistance plateau.
Now let us compare the resistance features of the
two data sets in the bulk-dominated regime. The high-
temperature ranges from 0 - 0.5 K−1 seem to be parallel
to each other, although the range is too small to be de-
cisive. The two data sets shows the hump feature near
0.1 K−1, which is predicted in the model by A. Rakoski
et al.3. However, the two sets of data have a slightly dif-
ferent magnitude and position. The resistance from the
4-point geometry (solid red curve) shows the hump fea-
ture at 10 - 12 K extends over a broader range. In fact,
this feature is almost to the resistance plateau. There-
fore, the four-point geometry does not provide a large
enough range for extracting the bulk activation energy.
In Fig 1 (a), we also show how one might fit the resistance
data for extracting the bulk activation energy in dashed
lines. The data from the four-point geometry shows that
the extracted bulk activation energy can be estimated
incorrectly.
FIG. 1: (color) Comparison of transport results for different
geometries on a sample grown from the batch of sample S2.
(a) Resistance vs. 1/T of SmB6 samples grown with 10 % less
samarium from two different transport geometries. The solid
blue curve is the data taken from the four-terminal Corbino
disk, and the solid red curve is the data taken from a four-
point contact on a raw sample (unpolished). The dotted lines
are examples of how a researcher might incorrectly fit the
slope to analyze the bulk resistivity. (b) Picture of a four-
point contact configuration on a raw sample. (c) Picture of a
four-terminal Corbino disk.
B. Crystal characterization
In Supplementary B, we report on various experimen-
tal methods that we used for characterizing the crystals.
In short, despite our effort using various methods to char-
acterize the samples, we were not able to find the accu-
rate (point and extended) defect concentration of each
samples. Here, we use various methods such as X-ray
diffraction, Auger electron spectroscopy, Vickers micro-
hardness, and high resolution transmission electron mi-
croscopy.
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21. Vikers Microhardness
During sample preparation, we noticed that non-
stoichiometrically grown SmB6 samples polish signifi-
cantly faster than pure samples. To check if this observa-
tion was consequential, we tested the microhardness on
the samples that were used in the transport studies. It is
known that the introduction of defects into a crystalline
material can influence the microhardness. The relation-
ship between hardness and point and extended defects
is not highly universal. However, one noticeable rela-
tion, although many exceptions exist, is the Hall-Petch
relation, which states that the hardness is inversally pro-
portional to the square root of the size of grains4,5, which
is an extended defect.
Microhardness of the samples was measured using the
Vickers hardness test, which is performed by applying
a force on the flat (001) surface using a pyramidal di-
amond indenter and then measuring the area of inden-
tation. A picture of a typical indentation is shown in
Fig 2 (a). For each specimen, we typically used multiple
indentations made with a force of 300 kgf and measured
the area in an optical microscope. This was repeated
on multiple samples from the same batch to determine
an average Vickers Pyramid Number (HV). The HVs of
samples from the same batches as S1, S2, S3, and S4
are shown in Fig 2 (b), and also given in Table I of the
main text. The Vikers microhardness shows that all four
samples indeed have a different physical property.
2. Auger Spectroscopy
We used Auger Electron Spectroscopy (AES) in order
to find the boron-to-samarium ratio of each of the sam-
ples. The elements can be identified by the peak positions
of the energies, and the peak intensities can be used for
obtaining the concentration of the elements. It is well
known that the surface of SmB6 samples easily oxidize,
and the oxygen removal is very challenging even at high
vacuum conditions6. All four samples were cleaned at a
spot on the surface using Ar ion sputtering, already used
by a previous study6, before collecting three spectra in
succession. We followed the same procedure for all four
samples for consistency. We still notice traces of carbon
and oxygen on the cleaned surface, even under ultrahigh
vacuum (∼ 10−10 Torr). Fig. 3 (a) displays spectra from
all four samples after removing significant amount of car-
bon and oxygen signals after sputtering. By comparing
the relative peak heights for Sm and B and neglecting the
small contribution from the C and O peaks, the B/Sm
ratio was found. From the Auger spectroscopy, we do
not see a significant difference in the B/Sm ratio. In
Fig. 3 (b) shows the boron-to-samarium ratio from the
peaks. We note that this ratio estimation does not take
into account all the prefactors, so the reader should not
take the absolute magnitude seriously. Here, we see that
all four samples from different growths do not show a
FIG. 2: (color) (a) Example of an indentation after hardness
measurement. (b) Vickers microhardness data of S1, S2, S3,
and S4.
significant boron-to-samarium ratio difference.
3. X-ray Diffraction
In the main text, one suspicion about the origin of the
residual bulk conduction in the non-stoichiometrically-
grown SmB6 samples was that extended defects exist
in the bulk, extending globally in the sample. From
the diffractometer (Bruker D8) several crystals presented
signs of twinning, i.e., the presence of two or more crys-
tals of the same species joined together in different orien-
tations. An example of such behavior is shown in Figure 4
for a small crystal dimensions 30 x 50 x 60 µm3 that was
detached from sample S3. Fig. 4 (a) shows a represen-
tative frame in which some reflections are sharp whereas
others split. Further, Fig. 4 (c) shows the presence of
clusters at several lattice points in the (001) reciprocal
space view. Nevertheless, it is possible to fit the data
using a least-square procedure to the cubic space group
Pm − 3¯m, and 93% of the reflections can be assigned
to a single domain. About 3% of the reflections, how-
ever, belong to another domain rotated by 174 degrees
from the main one. Another sign of twinning comes from
3FIG. 3: (color) Auger electron spectroscopy results. (a) Auger
electron spectroscopy results of the samples S1, S2, S3, and
S4 batches. (c) Estimated (nominal) B/Sm ratio.
the E2 − 1 statistics of the diffracted data, where E is
the normalized structure factor. Our data show that the
mean variance 〈|E2−1|〉 is much lower than the expected
value of 1 for a centrosymmetric structure. This decrease
is a well-known indication of twinning because the over-
lap of the twinned diffraction patterns tends to average
out intensities as strong and weak reflections sometimes
overlap.
4. Transmission Electron Microscopy
To search for extended defects, we used transmission
electron microscopy (TEM). In order for the extended
defects to explain the low-temperature bulk resistivity
plateaus or saturation of the inverted resistance measure-
ments in the main text, they must extend throughout the
bulk (top-to-bottom surface). In order to find the most
dramatic effect possible, we have tried to probe through
thin specimens that were cut from the active transport
region of sample S4, which shows the loudest plateau
feature in bulk resistivity. Interestingly, we have found
small imperfections near the surface, as shown in Fig. 5
However, these features only exist near the surface of the
active region of the Corbino disk, and therefore are not
FIG. 4: (color) Example of twinning signatures in sample
S3 (a) Representative frame. (b) Twinning peaks. (c) (010)
reciprocal lattice view.
responsible for the bulk resistivity. Also, the position and
the length scales of these features are in the order of 0.1
µm. Interestingly, this magnitude is of the same order
of magnitude of the Al2O3 particles (0.3 µm) that were
used in our final polishing procedure. This suggests that,
most likely, these features are created during the surface
preparation rather than extended defects created during
the crystal growth. Also, these features may influence
the surface transport studies, but should not influence
the bulk resistivity since they do not have length scales
of the thickness of the sample (several hundred microns).
Further investigation is needed if conduction through 1D
(or higher dimensional) defects are the very cause of the
bulk resistivity plateaus.
C. Converting Measured Resistances to Bulk
Resistivity
In Supplementary C, we discuss how the bulk resis-
tivity (ρb) was found from the resistance measurements
(RStd and RInv). As mentioned in the main text, the
two-channel model is a good approximation for the RStd
in both the low temperature (surface-dominated) and the
high temperature (bulk-dominated) regime:
RStd = C0(ρ
−1
s + γρ
−1
b )
−1. (1)
In the surface-dominated regime, ρb/ρst → 0, the equa-
tion reduces to:
RStd = C0ρs, (2)
where for a Corbino disk geometry, C0 is ln(rout/rin)/2pi.
In the bulk dominated regime, ρb/ρst → ∞, we can ex-
press Eq. (1) as:
RStd =
C0ρb
γ
. (3)
4FIG. 5: TEM Image of sample S4. (a) Image of specimen
from the active region of sample S4. The white dots are Sm
atoms. (b) Line-shaped nanocrack observed near the surface.
(c) Dumbbell-shaped nanocrack near the surface. (d) A line
of missing layers near the surface region.
Alternatively, we can express as:
RStd =
C−1ρb
t
. (4)
The inverted resistance is again:
RInv = C1t
ρ2s
ρb
, (5)
where we have defined C−1 = (t/γ)C0, for convenience.
From Eq. (1) and Eq. (5), ρb can be found in the full
range if we know C−1, C0, and C1. When the Corbino
disk dimensions are fixed, these coefficients are a func-
tion of the sample’s thickness. We used finite element
analysis from Comsol Multiphysics AC/DC module to
find these coefficients. The values for the correspond-
ing thickness is shown in Table I. The results are shown
in Fig. 6. Typically, the bulk resistivity found from the
high temperature regime and the low temperature regime
mismatched by a factors of 3-4. We have previously re-
ported that this is most likely due to the imperfection of
the transport geometry such as the misalignment of the
two Corbino disks, or the inhomogeneous surface quality
(e.g. differences in the top and bottom surfaces). We
also note that aluminum flux trapped in the bulk cannot
explain the low temperature resistivity plateau. This will
only change the values of the coefficients, C−1 and C1.
An aluminum flux path that intersects both the top and
bottom surfaces may short the current path. To avoid
this effect, we have polished our samples on both surfaces
that do not show any aluminum fluxes on the surface.
Sample Thickness (µm) C1 C−1
S1* 310 1.80 × 10−4 0.18
S2 440 1.16 × 10−3 0.26
S3 250 8.70 × 10−3 0.15
S4 150 3.06 × 10−2 0.10
TABLE I: Summary of the geometric prefactors that were
found numerically for the corresponding thickness of the sam-
ples. *The inverted resistance for S1 was found from a single
surface Corbino disk measurement.
D. Considering Aluminum Inclusions for Bulk
Transport
In this section, we study the role of aluminum inclu-
sions by numerical simulations. One question the reader
may have is that the residual bulk resistivity plateau
at low temperatures may be due to aluminum inclu-
sions. Here, we numerically demonstrate a double-sided
Corbino disk, and see how the current behaves when a
highly conducting cylinder is present in the bulk. Ex-
ample demonstrations are shown in Fig. 7 (a) to (c). At
low temperatures, below the bulk-to-surface crossover,
when the inclusion is trapped inside the bulk, as shown
in Fig. 7 (a) to (b), the qualitative bulk behavior is iden-
tical without any inclusions even when the conducting
cylinder extends 90 perecent of the total thickness. How-
ever, when the cylinder touches both the top and bottom
5FIG. 6: (color) Patching the low temperature and high tem-
perature regime. The blue curve is the high temperature
regime extracted from Eq. 1. The green dotted line is ex-
tracted from the Eq. 5. The red curve is adjusted to match
the high temperature data. (a) Sample S1. (b) Sample S2.
(c) Sample S3. (d) Sample S4.
surface, as shown in Fig. 7 (c), the current flows from the
top-to-bottom surface.
The simulated inverted resistance values are shown in
Fig. 7 (d). When the aluminum inclusions are trapped
inside the bulk, the inverted resistance behaves identi-
cally with only a change in the geometric prefactor, C1.
Only the case when the inclusion touches the surfaces
shows a high resistance plateau.
In conclusion, a qualitatively similar bulk resistivity
plateau can appear if aluminum is shorting the sample on
both surfaces. Of course, we have polished all of our sam-
ples that no aluminum inclusions can be seen in both of
the surfaces through a polarizable microscope. Further-
more, our samples were sufficiently etched with acid (10 -
20 percent hydrochloric acid) after fine polishing and also
after patterning the gold electrodes, making sure no alu-
minum bubbling off from the surface can be seen. Since
it is very well known that large inclusions (hundreds of
micron size) in SmB6 can be easily etched away with di-
lute hydrochloric acid, we believe any small aluminum
inclusions that are exposed but cannot be seen through
the microscope would be very unlikely to be present.
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